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Fetal Anemia and Apoptosis of Red Cell Progenitors
in Stat5a2/25b2/2 Mice: A Direct Role
for Stat5 in Bcl-XL Induction
likely to be key effectors of growth factor receptor±
mediated survival signals. The balance of proapoptotic
(Bcl2, Bcl-XL, A1, and MCL1) to antiapoptotic (Bax, Bad,
Bak, and Bcl-XS) Bcl2 family proteins in the cell is critical
in determining its ability to survive (Oltavi and Kors-
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Nine Cambridge Center
Cambridge, Massachusetts 02142
²Department of Biology meyer, 1994). Many cytokines induce the expression of
Massachusetts Institute of Technology antiapoptotic Bcl2 family proteins, although the mecha-
Cambridge, Massachusetts 02138 nisms involved are not clear (Kozopas et al., 1993; Lin
³Department of Laboratory Medicine et al., 1993; Miyazaki et al., 1995). Consistent with this,
Children's Hospital Epo is required for maintaining the level of Bcl-XL in
Harvard Medical School erythroid cells (Silva et al., 1996; Gregoli and Bondurant,
Boston, Massachusetts 02115 1997). Bcl-XL, but not Bcl2, is essential for red cell sur-
vival (Motoyama et al., 1995; Gregory et al., 1999). There-
fore the regulation of Bcl-XL function is likely to play a
Summary major role in EpoR's antiapoptotic effect.
Stat5 is activated by EpoR (Constantinescu et al.,
The erythropoietin receptor (EpoR) is essential for pro- 1999) and other cytokine receptors including those for
duction of red blood cells; a principal function of EpoR thrombopoietin, granulocyte macrophage colony±stimu-
is to rescue committed erythroid progenitors from lating factor, granulocyte colony±stimulating factor, in-
apoptosis. Stat5 is rapidly activated following EpoR terleukins 2, 3, and 5, prolactin, and growth hormone.
stimulation, but its function in erythropoiesis has been Mice express two isoforms, Stat5a and Stat5b. Known
unclear since adult Stat5a2/25b2/2 mice have normal Stat5 targets include tissue-specific genes but are also
steady-state hematocrit. Here we show that Stat5 is likely to include genes regulating cell growth (Mui et
essential for the high erythropoietic rate during fetal al., 1996; Feldman et al., 1997; Matsumura et al., 1999;
development. Stat5a2/25b2/2 embryos are severely Moriggl et al., 1999). Some Stat proteins have been impli-
anemic; erythroid progenitors are present in low num-
cated in the regulation of apoptosis (Chin et al., 1997;
bers, show higher levels of apoptosis, and are less
Catlett-Falcone et al., 1999).
responsive to Epo. These findings are explained by a
Mice nullizygous for Stat5a and Stat5b revealed an
crucial role for Stat5 in EpoR's antiapoptotic signaling:
essential role for these proteins in prolactin and growthit mediates the immediate-early induction of Bcl-XL hormone function (Teglund et al., 1998) and in T cellin erythroid cells through direct binding to the Bcl-X
proliferation (Moriggl et al., 1999). In contrast, only slightpromoter.
effects were observed in myelopoiesis: Stat5a2/25b2/2
mice had normal numbers of platelets, neutrophils, and
Introduction
monocytes, with only small reductions in the number
of bone marrow progenitors (Teglund et al., 1998). No
Erythroid progenitors express erythropoietin receptor
apparent defect was noted in the erythroid system; sur-
(EpoR), a member of the cytokine receptor family essen-
viving adult Stat5a2/25b2/2 mice had normal hematocrittial for red blood cell production (Wu et al., 1995). A
and hemoglobin concentrations. These results sug-principal EpoR function is to rescue committed erythroid
gested that in the absence of Stat5 proteins the re-progenitors from apoptosis (Koury and Bondurant, 1990;
sponse to hematopoietic cytokines, including Epo, isKelly et al., 1993). Little is known about the mechanism
largely unaffected (Teglund et al., 1998).of EpoR's antiapoptotic effect. Ligand-induced EpoR
Here we studied Stat5a2/25b2/2 mice during fetal de-homodimerization leads to activation of its associated
velopment, a time of rapid growth and little reserve ca-cytoplasmic kinase Jak2, tyrosine phosphorylation of
pacity in the erythropoietic system. We found thatthe EpoR cytoplasmic domain, and recruitment of down-
Stat5a2/25b2/2 embryos are severely anemic; Stat5a2/2stream signaling molecules (Constantinescu et al., 1999).
5b2/2 fetal liver erythroid progenitors give rise to fewerMutant Jak22/2 mouse embryos lack red cells (Neubauer
erythroid colonies in vitro and show a marked increaseet al., 1998; Parganas et al., 1998), consistent with a
in their rate of apoptosis. These findings are explainedprimary role of Jak2 in Epo signaling. However, we do
by a crucial role for Stat5 in EpoR antiapoptotic signal-not know which of the molecules activated downstream
ing: Stat5 is responsible for the immediate-early induc-of Jak2 mediate EpoR's antiapoptotic effect. Studies
tion of Bcl-XL in erythroid cells through direct binding towith mutant EpoRs suggest that it activates several ap-
the promoter of the Bcl-X gene. This novel antiapoptoticparently redundant survival signals (Socolovsky et al.,
pathway linking Stat5 activation with direct transcrip-1997; Wu et al., 1997). The reason for this apparent
tional regulation of Bcl-X suggests a general mechanismredundancy has not been clear.
whereby Stat proteins may modulate the apoptotic pro-Bcl2 family proteins (Chao and Korsmeyer, 1998) are
gram within the cell, and demonstrates an essential role
for Stat5 in cytokine receptor±mediated homeostatic§ To whom correspondence should be addressed (e-mail: lodish@
wi.mit.edu). control of the hematopoietic system.
Cell
182
Table 1. Embryo (E13.5) Red Cell Indices
Wild-Type Stat5a1/25b1/2 Stat5a2/25b2/2
MCV 138.0 6 6 127.9 6 9.9 115.5 6 5.9
CH 29.13 6 1.82 27.8 6 3.25 24.3 6 2.25
n 9 12 8
MCV: mean cell volume (arbitrary fL units); CH: cell cytoplasmic
content (arbitrary pg units/cell); n 5 number of samples. Values
are mean 6 SD. Differences between Stat5a2/25b2/2 and wild-type
embryos were highly significant for both MCV (p , 0.001, two-tailed
Student's t test) and CH (p , 0.001).
is severely reduced at 11 6 2.2 (mean 6 SEM) compared
with the value of 27.5 6 1.1 in wild-type littermates
(Figure 1B). The Stat5a2/25b2/2 peripheral blood smear
shows fewer nonnucleated erythrocytes compared with
wild-type controls, as well as many more adult-type
nucleated erythroblasts, consistent with anemia (Figure
1C). In addition, the Stat5a2/25b2/2 peripheral erythroid
cells had a smaller cell size and a reduced cytoplasmic
content compared to wild-type control (Table 1).
Stat5a2/25b2/2 Erythroid Progenitors Undergo
Increased Apoptosis and Are Less
Sensitive to Epo
Fetal liver erythroid progenitors are Epo dependent for
growth and survival during the last 48 hr of differentiation
into red cells (Figure 2A). To evaluate the cause of fetal
anemia in Stat5a2/25b2/2 embryos, we examined the
ability of fetal liver erythroid progenitors to give rise to
red cell colonies in vitro. The number of colonies arising
from Stat5a2/25b2/2 fetal liver CFU-e (colony-forming
unit erythroid) progenitors was reduced 4-fold com-
pared to wild-type fetal liver (Figure 2B). However, there
was no significant difference in the number of the early,
BFU-e (burst-forming unit erythroid) progenitors be-
tween Stat5a2/25b2/2 and wild-type fetal livers. This re-
duced CFU-e to BFU-e ratio suggests a reduction in
Figure 1. Stat5a2/25b2/2 Embryos Are Anemic the net growth of Stat5a2/25b2/2 erythroid progenitors
(A) An E13.5 Stat5a2/25b2/2 embryo (left) is paler than a wild-type during terminal differentiation.
littermate (right). Scale bar 5 2 mm. Epo is essential for CFU-e survival (Koury and Bondur-
(B) Hematocrits of Stat5a2/25b2/2 (n 5 8), Stat5a1/25b1/2 (n 5 16) ant, 1990; Kelly et al., 1993), but has no effect on their
or wild-type (n 5 9) E13.5 littermate embryos. Differences between cell cycle status (Landschulz et al., 1992; Kelly et al.,wild-type and Stat5a2/25b2/2 embryos were assessed by ANOVA
1994). We therefore examined Epo's ability to preventand were highly significant (p , 0.0001, Fisher's PLSD post hoc
apoptosis of Stat5a2/25b2/2 fetal liver erythroid progeni-analysis); differences between wild-type and heterozygote embryos
were also significant (p 5 0.014). tors. As measured by TUNEL assay at the time of har-
(C) E13.5 embryo blood smears stained with Giemsa. Wild-type vesting, fetal liver cells derived from Stat5a2/25b2/2
blood contains yolk-sac erythrocytes (short thin arrows) and nonnu- embryos had 2.5-fold the apoptotic rate measured in
cleated red cells (long thin arrow). Stat5a2/25b2/2 blood contains wild-type embryosÐ16.9% 6 4% (mean 6 SEM) versusfewer nonnucleated red cells, yolk-sac erythrocytes, and a large
6.5% 6 0.3%. Fetal liver cells from wild-type or Stat5a2/2number of nucleated erythroblasts (thick arrow). Scale bar 5 15 mm.
5b2/2 embryos cultured in vitro in the presence of serum
but in the absence of added Epo for 24 hr showed the
expected high rates of apoptosis (Figures 2C and 2D).Results
Addition of Epo to the culture medium at a dose within
the physiological range (0.05 U/ml) reduced apoptosisStat5a2/25b2/2 Embryos Are Anemic
Nonnucleated, adult-type red blood cells are first gener- in the wild-type cells from 39% to 8%; however, Epo
was much less effective in preventing apoptosis ofated in the fetal liver, the principal erythropoietic organ
during embryonic days 12 to 16. Stat5a2/25b2/2 em- Stat5a2/25b2/2 progenitors, reducing the rate of TUNEL-
positive cells from 66% to 36% (Figures 2C and 2D).bryos at this gestational age looked pale compared to
their wild-type or heterozygote littermates (Figure 1A). Higher doses of Epo did not significantly increase the
survival of Stat5a2/25b2/2 progenitors: at 5 U/ml theThe paleness of the Stat5a2/25b2/2 embryos is due to
anemia: their hematocrit at embryonic day 13.5 (E13.5) number of TUNEL-positive cells remained 2.5-fold higher
Anemia and Apoptosis in Stat5a2/25b2/2 Embryos
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Figure 2. Stat5a2/25b2/2 Erythroid Progenitors Undergo Increased Apoptosis and Are Less Sensitive to Epo
(A) Mouse erythroid progenitors defined by in vitro differentiation in semisolid medium. BFU-e cells give rise to red cell colonies within 7 to
10 days and require Epo, stem cell factor, and IL-3 and/or GM-CSF. CFU-e cells require Epo only and give rise to red cell colonies within 48
to 72 hr.
(B) In vitro differentiation of wild-type, Stat5a1/25b1/2, or Stat5a2/25b2/2 E13.5 fetal liver cells. Cells were plated in methylcellulose medium
in the absence or presence of Epo at the indicated concentrations.
(C and D) TUNEL assay of wild-type or Stat5a2/25b2/2 E13.5 fetal liver cells during Epo-dependent growth. Cells were cultured for 24 hr in
the presence or absence of Epo at the indicated concentrations. TUNEL assay was performed and quantitated by FACS analysis. Representative
histograms are shown in (C); (D) summarizes data from four experiments; values represent mean 6 SE.
than in wild-type controls. Therefore, Stat5a2/25b2/2 pro- were transferred to Epo-containing medium and their
rates of growth and apoptosis were followed for 36 hrgenitors are significantly less responsive to Epo's anti-
apoptotic effect, accounting for their reduced growth (Figure 3C and 3D). Apoptosis was measured by
assaying the fraction of GFP-positive cells that boundrate and the resulting fetal anemia.
annexin-V. The rate of apoptosis in cells expressing
wild-type Stat5a was not significantly different from thatDominant-Negative Stat5 Reduces Growth
and Increases Apoptosis of Wild-Type seen in cells expressing CD2; however, cells expressing
either of the dominant-negative Stat5 proteins, DStat5Primary Erythroid Cells
The growth defect and increased apoptosis in the or Stat5Nsi, showed up to a 50% increase in their rate of
apoptosis (Figure 3E).Stat5a2/25b2/2 erythroid progenitors could be a direct
result of loss of Stat5 function in these cells; alterna- The increased apoptosis in cells expressing domi-
nant-negative Stat5 was also reflected in their reducedtively, they may be an indirect consequence of the
Stat5a2/25b2/2 phenotype. In order to distinguish these net growth. Figure 5B shows an experiment in which
the retroviral supernatants for Stat5a and for Stat5Nsipossibilities we introduced dominant-negative Stat5
proteins into wild-type fetal liver cells and examined were of equal titer, as assessed by measuring the rate
of expression of GFP in NIH-3T3-L1 cells in a serialthe effect of inhibition of Stat5 function on their Epo-
dependent growth in culture. We examined the effects dilution analysis. In the same experiment, the number
of fetal liver cells expressing Stat5a and Stat5Nsi wasof two dominant-negative mutants of Stat5: Stat5Nsi, a
naturally occurring carboxy-terminal truncated Stat5b initially equivalent; however, by 36 hr of Epo-dependent
growth the number of GFP-positive cells expressingwith dominant-negative effects on Stat5-dependent
transcription (Azam et al., 1997) and DStat5, containing Stat5Nsi was only 60% of the number of cells expressing
wild-type Stat5a (Figure 3C). In three experiments, thea larger carboxy-terminal truncation of Stat5a (Mui et
al., 1996) (Figure 3A). Fetal liver cells harvested at E13.5 rate of growth of GFP-positive cells expressing wild-
type Stat5a was not significantly different from that ofwere infected with replication-defective retrovirus en-
coding one of several bicistronic messages (Figure 3A), cells expressing CD2; but cells expressing either Stat5Nsi
or DStat5 had a significantly reduced growth rate (Figurein which either Stat5a, DStat5, Stat5Nsi, or a CD2 control
are followed by an internal ribosomal entry site (IRES) 3D). Taken together, Figures 2 and 3 show that Stat5 is
essential for Epo-dependent growth and survival effectslinked to green fluorescent protein (GFP). Following ret-
roviral transduction for 24 hr in the absence of Epo, cells in differentiating primary erythroid progenitors, and that
Cell
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Figure 4. Bcl-XL Is an Immediate-Early Gene Induced by EpoR
(A) Northern blot of HCD-57 cells starved and stimulated with Epo
(2 U/ml) for the indicated intervals. Two micrograms of poly(A)1 RNA
loaded per lane. Blot was probed sequentially for Bcl-XL (upper
Figure 3. Dominant-Negative Stat5 Reduces Growth and Increases panel) and GAPDH (lower panel).
Apoptosis of Wild-Type Primary Erythroid Cells (B) Northern blot of HCD-57 cells stimulated by Epo in the presence
(A) Retroviral bicistronic constructs used to infect fetal liver cells, of cycloheximide (CHX). Cells were starved and stimulated with
showing the region between the two retroviral LTRs. Stat5a, DStat5, either Epo, Epo 1 CHX (10 mg/ml), or CHX alone. CHX was added
Stat5Nsi, or CD2 (as control) were linked via an internal ribosomal 30 min prior to Epo stimulation.
entry site (IRES) to green fluorescent protein (GFP). The position of (C) Western blot of HCD-57 cells growing in Epo (2 U/ml; ªnon-
the SH2 domain of Stat5 is indicated by the shaded box; the marked starvedº), or starved and stimulated with 2 U/ml Epo for the indicated
tyrosine (Y) represents the site of phosphorylation of Stat5 following intervals. One hundred micrograms protein loaded per lane of a
activation by EpoR. 12.5% SDS-polyacrylamide gel. Membrane probed for Bcl-XL with
(B) Quantitation of Stat5a and Stat5Nsi retroviral supernatants from the rabbit polyclonal antibody S-18 (Santa Cruz).
a representative experiment by serial dilution analysis in NIH-3T3-
L1 cells. An aliquot of each retroviral supernatant was diluted by 1:5,
1:25, or 1:125 and used to infect NIH-3T3-L1 cells. The proportion of the reduced growth and increased apoptosis in Stat5a2/2
GFP-positive cells (%) at 48 hr was measured by FACS.
5b2/2 erythroid progenitors is a direct result of loss of(C) Epo-dependent growth rate of fetal liver cells infected by a
Stat5 function in these cells.retrovirus expressing either Stat5a or Stat5Nsi, for the same experi-
ment illustrated in (B). Fetal liver cells were infected by coculture
with retroviral packaging cells for 24 hr in the presence of SCF and Epo Stimulation Leads to the Immediate-Early
spleen conditioned medium and in the absence of Epo. Fetal liver Induction of Bcl-XL mRNA
cells were then transferred to Epo-containing medium. Growth in in Erythroid Cell Lines
Epo was measured at each time point by multiplying the fraction of
Epo is required for maintaining Bcl-XL expression in Epo-GFP-positive cells as measured by FACS by the total cell number
dependent HCD-57 erythroleukemia cells and in erythroid(see Experimental Procedures section). Results shown are mean 6
progenitors (Silva et al., 1996; Gregoli and Bondurant,SEM of triplicate measurements. Control cells were grown in the
absence of Epo as indicated. 1997) although the mechanism has not been elucidated.
(D) Effect of inhibiting Stat5 function in fetal liver cellsÐsummary We starved HCD-57 cells of Epo for 12 hr in the presence
of several experiments. Fetal liver cells were treated as described of 20% FCS and found that starved cells express little
in (C). Apoptosis was measured by assaying annexin-V binding by
mRNA for either Bcl-XL (Figure 4A) or Bcl2 (not shown).GFP-positive cells, after exclusion of dead (7-AAD permeable) cells
Addition of Epo led to induction of both Bcl-XL (Figureusing FACS. The relative number of GFP-positive cells was deter-
4A) and Bcl2 (not shown) mRNAs within 1 hr. The Bcl-XLmined with respect to cells expressing CD2-GFP after normalization
for the titer of each retroviral supernatant (see Experimental Proce- message peaked at 1 to 2 hr, following which it declined
dures section). The relative titer of each retroviral supernatant used but remained above background levels for 24 hr (Figure
to infect fetal liver cells was measured by serial dilution analysis in 4A). Cycloheximide did not inhibit the Epo-mediated
NIH-3T3-L1 cells as shown in (B). The results for each construct
induction of the Bcl-XL mRNA (Figure 4B). Therefore,represent the mean 6 SEM of at least three experiments.
the Bcl-X gene is an immediate-early target of EpoR
signaling, i.e., independent of new protein synthesis.
The regulation of the Bcl-XL mRNA by Epo in HCD-57
Anemia and Apoptosis in Stat5a2/25b2/2 Embryos
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Figure 5. Consensus Sites in the Bcl-X Gene Mediate Stat5 Binding and Epo-Dependent Transcription
(A) Corresponding regions of human and mouse Bcl-X genes (Grillot et al., 1997) containing consensus Stat5-binding sites: darkly shadowed
rectangles for potential high-affinity sites, lightly shadowed for low-affinity site. Bases are numbered from the A of the translation start codon
(11).
(B) EMSA showing Stat5 binding to BCL-X(2316 to 2346) from the human BCL-X gene. Starved HCD-57 cells were stimulated with Epo (2
U/ml) for 15 min. Nuclear extracts were incubated with 32P-labeled BCL-X(2316 to 2346) probe or with 32P-labeled Pre probe from the b-casein
promoter. Where indicated, nuclear extracts were preincubated with a 100-fold molar excess of unlabeled oligonucleotide (GAS, Pre, or mutant
Pre) or with the rabbit polyclonal anti-Stat5b antibody C-17. Oligonucleotides: BCL-X(2316 to 2346) 5 ttccgaggaaggcatttcggagaagacgggg;
Pre 5 agatttctaggaattcaatcc (from the bovine b-casein promoter); mutant Pre 5 agatttattttaattcaatcc; GAS 5 gtatttcccagaaaaggaac (from
the FcgRI promoter).
(C) Luciferase reporter constructs: ªpGL3.TATAº contains a 12 base pair TATA box sequence upstream of the luciferase gene. ªBcl-X(2586
to 290)º contains the sequence 290 to 2586 of the Bcl-X gene inserted upstream of the TATA sequence in pGL3. TATA. ªBcl-X(2586 to
290) mutStat5º contains the indicated mutations in the two Stat5 binding sites.
(D) Epo-dependent transcription via BCL-X(2316 to 2346). HCD-57 cells were electroporated with luciferase reporters ªtkº or ªtk. BCL-X(2316
to 2346)º and a b-galactosidase expression plasmid, and cultured in the presence or absence of Epo. Results are a ratio of luciferase to
b-galactosidase activities.
(E) Epo-dependent transcription of luciferase reporters pGL3.TATA, Bcl-X(2586 to 290) or Bcl-X(2586 to 290) mutStat5.
cells is reflected in corresponding changes in the Bcl-XL Stat1 GAS binding site (Fujio et al., 1997). A double-
stranded 30 base pair oligonucleotide corresponding toprotein (Figure 4C).
positions 2316 to 2346 in the human BCL-X gene,
ªBCL-X(2316 to 2346),º was tested for its ability toStat5 Binds to Consensus Sites in the Bcl-X Gene
and Acts as an Epo-Dependent bind Stat5. The 32P-labeled BCL-X(2316 to 2346) probe
formed a slow-migrating complex in an electrophoreticTranscriptional Enhancer
We identified Stat5 consensus binding sites in a regula- mobility shift assay (EMSA) when incubated with nuclear
extracts of HCD-57 cells starved and then stimulatedtory region within the first intron of both the human and
murine Bcl-X genes (Figure 5A). These sites in the human with Epo for 15 min (Figure 5B, lane 2). No complex was
formed following incubation of the BCL-X(2316 to 2346)BCL-X gene are similar to those in the b-casein pro-
moter: positions 2323 to 2331 relative to the translation probe with nuclear extracts of HCD-57 cells starved of
Epo (Figure 5B, lane 1). The mobility of the BCL-X(2316initiation site contain the consensus TTCNNNGAA, simi-
lar to the proximal high-affinity Stat5-binding site in the to 2346) protein complex was similar to that formed by
the Stat5-binding probe ªPreº from the b-casein pro-b-casein promoter (Groner and Gouilleux, 1995). A sec-
ond site 6 base pairs upstream (2338 to 2346) is similar moter (Figure 5B, lane 8). Preincubation of the HCD-
57 cell nuclear extract with 100-fold molar excess ofto the low-affinity, upstream MGF box in the b-casein
promoter, containing the consensus TTCNNNGGA. Two unlabeled Pre probe (Figure 5B, lane 3) or an unlabeled
oligonucleotide containing the high-affinity Stat-bindinghigh-affinity consensus sites are found in the murine
Bcl-X gene; the site at 2333 in the murine Bcl-X gene GAS site from the FcgRI promoter (Figure 5B, lane 6)
prevented formation of the Bcl-X(2316 to 2346) com-(TTCGGAGAA) overlaps with a previously identified
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plex. Preincubation with a mutant Pre probe unable to
bind Stat5 did not prevent formation of the Bcl-X(2316
to 2346) complex (Figure 5B, lane 5). Last, the complex
formed by Bcl-X(2316 to 2346) could be supershifted
with an anti-Stat5 antibody, similar to the supershift of
the Stat5-binding Pre probe (Figure 5B, lanes 4 and 9).
Therefore Bcl-X(2316 to 2346), containing the Stat5
consensus sites from the human BCL-X promoter, binds
Stat5 specifically.
We used luciferase reporter plasmids to determine
whether Stat5 could activate transcription through the
sites identified in the Bcl-X gene. The construct tk. Bcl-X
(2316 to 2346) contains a single copy of Bcl-X(2316
to 2346) inserted upstream of a basal thymidine kinase
(tk) promoter. tk. Bcl-X(2316 to 2346) mediated a 4- to
7-fold induction of transcription (Figure 5D). Further, this
induction was Epo dependent: no induction was seen
in cells starved of Epo for 20 hr (Figure 5D); addition of
Epo at 20 hr restored transcriptional activity (data not
shown).
Figure 5E shows that Stat5 consensus binding sites
are necessary for Epo-dependent transcription in the
context of a regulatory region derived from the endoge-
nous Bcl-X gene. A 500 base pair segment upstream of
the Bcl-X translation initiation site was inserted with a
downstream TATA sequence in the ªpGL3 basicº plas-
mid to generate ªBcl-X(2586 to 290)º (Figure 5C). In
HCD-57 cells incubated in serum-containing medium in
the absence of Epo, Bcl-X(2586 to 290) exhibited a
10-fold higher level of transcription than pGL3.TATA.
Addition of Epo caused an additional 2.5-fold increase
in reporter gene activity promoted by Bcl-X(2586 to
290), but had no effect on the pGL3.TATA plasmid. A
similar construct in which both Stat5 consensus sites
were mutated, Bcl-X(2586 to 290)/mutStat5, exhibited
the same level of promoter activity as Bcl-X(2586 to
290) in the absence of Epo, but Epo-dependent tran-
scriptional enhancement was obliterated (Figure 5E).
Taken together, in the context of the 500 base pair region
(2586 to 290; Figure 5A) of the Bcl-X gene, Stat5 binding
Figure 6. DStat5 Inhibits Transcription of Bcl-XL mRNAsites are both sufficient and necessary for Epo-depen-
(A) DStat5 inhibits Stat5±DNA binding: EMSA with 32P-labeled GASdent enhancement of luciferase transcription.
probe (Figure 5B). HCD-57-DStat5 cells grown in the presence or
absence of doxycycline for 24 hr were starved and stimulated with
Epo (0.05 U/ml). Data representative of three cell clones.
Dominant-Negative Stat5 Inhibits Transcription (B and C) DStat5 specifically inhibits transcription of Bcl-XL and CIS.
Northern blot of HCD-57-DStat5 cells, grown in the presence orof Bcl-XL mRNA in Erythroid Cells
absence of doxycycline for 24 hr, starved and stimulated for 1 hrWe used DStat5 to determine the extent to which Stat5
with 0.05 U/ml Epo. Blot was probed sequentially for Bcl-X, cyclinparticipates in the transcriptional activation of Bcl-X.
D2, c-myc , GAPDH, or CIS. Data in (B) is quantitated in (C). The
DStat5 inhibits transcription of Stat5-inducible genes in signal for 10 U/ml Epo (not shown) was taken as 100% response.
IL-3-dependent Ba/F3 cells, including CIS and Onco- Results are representative of four experiments with two HCD-57-
statin-M; it has no effect on the IL-3-dependent induc- DStat5 clones.
tion of Stat5-independent genes such as c-myc and
cyclin D2 (Mui et al., 1996). We generated HCD-57-
DStat5 cells, in which DStat5 is conditionally expressed presence of doxycycline, when DStat5 expression is re-
from a doxycycline-sensitive promoter. HCD-57-DStat5 pressed, responded to 0.05 U/ml of Epo with near-maxi-
cells were routinely grown in the presence of doxycy- mal induction of Bcl-XL mRNA, as well as near-maximal
cline, which represses expression of DStat5. Removal induction of three other immediate-early genes, c-myc,
of doxycycline from the culture medium for 24 hr induced CIS and cyclin D2 (Figures 6B and 6C). However, induc-
DStat5 expression, reducing nuclear Stat5±DNA com- tion of DStat5 by washing the cells free of doxycycline
plex formation by 50% (Figure 6A). Hence, DStat5 ex- resulted in a significantly reduced induction of Bcl-XL
pression significantly inhibits nuclear Stat5 function. mRNA by Epo (Figs. 6B and 6C). DStat5 similarly inhib-
Expression of DStat5 resulted in a significant inhibition ited induction of CIS mRNA, a known Stat5-regulated
gene; it did not affect Epo induction of c-myc or cyclinof Bcl-XL mRNA induction by Epo. Cells growing in the
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D2 mRNAs (Figures 6B and 6C). Therefore, the inhibitory
effect of DStat5 expression on Bcl-XL mRNA is a result of
its specific inhibition of transcription of Stat5-regulated
genes. The observed inhibition by DStat5 on both Bcl-XL
and CIS is likely to be an underestimate of the Stat5
effect on these genes, because of the remaining nuclear
Stat5 activity in cells expressing DStat5 (Figure 6A).
Constitutively Active Stat5 Protects Erythroid Cells
from Apoptosis during Epo Withdrawal
and Maintains Expression of Bcl-XL
We introduced a constitutively active Stat5, Stat5(1*6)
(Onishi et al., 1998) into HCD-57 cells. Epo-dependent
growth of the resultant HCD/Stat5(1*6) cells was similar
to that of HCD-57 cells overexpressing wild-type Stat5a,
(HCD/Stat5a cells), or parental cells (Figure 7A, upper
panel). However, upon Epo withdrawal, HCD/Stat5(1*6)
cells survived for significantly longer (Figure 7A, lower
panel). The annexin-V apoptosis assay showed that
within 24 hr of Epo withdrawal, 37% of the HCD/Stat5a
cells but only 13% of the HCD/Stat5(1*6) cells had en-
tered apoptosis. Overexpression of Bcl-XL in these cells
resulted in reduced apoptosis after Epo withdrawal to
a level (9%) similar to that of HCD/Stat5(1*6) cells (Figure
7B). Importantly, HCD/Stat5(1*6) cells remained Epo de-
pendent for growth (Figure 7A, lower panel). Therefore,
like overexpression of Bcl-XL, the principal effect of a
constitutively active Stat5 is protection from apoptosis.
A similar antiapoptotic effect of Stat5(1*6) was observed
in the IL-3-dependent Ba/F3 cell line upon IL-3 with-
drawal (data not shown).
The increase in HCD/Stat5(1*6) cell number observed
in the first 24 hr following Epo withdrawal (Figure 7A,
lower panel) may be due to S phase cells proceeding
through the cell cycle once before arresting in G1. Alter-
natively, Stat5(1*6) may also exert a cell cycle effect, as
reported for Ba/F3 cells (Matsumura et al., 1999) and T
cells (Moriggl et al., 1999). However, unlike its effect in
Ba/F3 cells, Stat5(1*6) expression in HCD-57 cells did
not result in indefinite cytokine-independent growth.
Therefore, any cell cycle effect of Stat5(1*6) in HCD-57
cells is likely to be small.
Following prolonged withdrawal from Epo (.48 hr),
both HCD/Stat5(1*6) and HCD/Bcl-XL cells eventually
underwent apoptosis (data not shown). The reason for
this is not clear and may indicate a requirement for
Figure 7. Stat5(1*6) Protects Erythroid Cells from Apoptosis duringadditional genes for cell survival. The length of survival
Epo Withdrawal and Maintains Expression of Bcl-Xfollowing Epo withdrawal in HCD/Bcl-XL cells depends
(A) Growth-curves for HCD-57, HCD/Stat5a(1*6), and HCD/Stat5aon the level of expression of Bcl-XL (data not shown).
cells in the presence or absence of Epo (2 U/ml). HCD/Stat5a(1*6)The rapid apoptosis of HCD-57 and HCD/Stat5a cells
and HCD/Stat5a are puromycin-resistant cell populations. Values
reflects a rapid fall in the level of Bcl-XL protein upon are mean 6 SEM of triplicate measurements.
Epo withdrawal (Figure 4C and Figure 7C, lanes 1 and 2). (B) Annexin-V binding for HCD/Stat5a(1*6), HCD/Stat5a, and HCD/
The antiapoptotic effect of Stat5(1*6) correlates with its Bcl-XL cells in the presence or absence (24 hr) of Epo. Data for HCD/
Bcl-XL cells are representative of 3 clones.ability to maintain the levels of Bcl-XL for 24 hrs in the
(C) Western blot of HCD/Stat5a or HCD/Stat5a(1*6) cells in Epo (2absence of EpoR signaling (Figure 7C, lanes 3 and 4).
U/ml) or starved of Epo for the indicated intervals.
Discussion
with reduced responsiveness of Stat5a2/25b2/2 ery-We show that Stat5 mediates a crucial component of
throid progenitors to Epo and a resulting increase in theirantiapoptotic signaling by EpoR. During rapid fetal
apoptosis. The increased apoptosis of Stat5a2/25b2/2growth Stat5a2/25b2/2 mouse embryos are severely
progenitors is a direct result of Stat5 absence: in wild-anemic. Although fetal liver BFU-e progenitors are pres-
type fetal liver progenitors, inhibition of Stat5 function byent in normal numbers, there are fewer CFU-e progeni-
tors. This reduced colony-forming capacity correlates either of two distinct dominant-negative Stat5 proteins
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similarly caused increased apoptosis and reduced Epo- may include upregulation of Stat1 or Stat3, also acti-
vated by EpoR. Indeed, Stat1 levels are increased in thedependent cell growth.
This role for Stat5 in survival and homeostasis of ery- Stat5a2/25b2/2 mice (Teglund et al., 1998); both Stat1
and Stat3 were recently shown to bind specific sites inthroid cells is explained by a novel pathway in which
Stat5 directly activates expression of the antiapoptotic the Bcl-X promoter (Fujio et al., 1997; Catlett-Falcone
et al., 1999).gene Bcl-X. We show that Bcl-XL mRNA is rapidly in-
duced by EpoR in the absence of protein synthesis. Two Fetal anemia and a normal steady-state adult hemato-
crit is seen in the recessive mouse mutation ªflexedº (f)Stat5 sites in the Bcl-X gene mediate Epo-dependent
Stat5 binding and reporter gene transcription. Signifi- for which the gene product is unknown (Russell and
Bernstein, 1966). This may reflect a similar homeostaticcantly, inhibition of Stat5 function by conditional expres-
sion of a dominant-negative Stat5 specifically inhibited deficit in the f/f and Stat5a2/25b2/2 mice.
transcription of the Bcl-XL mRNA. Further, expression
of a constitutively active Stat5 in Epo-dependent HCD- Transcriptional Regulation of Bcl-X by Stat5
57 cells protected these cells from apoptosis upon Epo and the EpoR
withdrawal and maintained Bcl-XL expression in the ab- Bcl-XL is central for erythrocyte survival. Its expression
sence of EpoR signaling. by primary erythroid progenitors increases dramatically
during Epo-dependent terminal differentiation (Gregoli
and Bondurant, 1997). The Bcl-X mutant mouse dies inErythropoiesis in Stat5a2/25b2/2 Embryos
Following an initial wave of primitive erythropoiesis in utero with widespread apoptosis of fetal liver hemato-
poietic cells (Motoyama et al., 1995). Further, Bcl-X2/2which yolk sac±derived nucleated red cells populate the
early mouse embryo, definitive, or adult-type erythropoi- ES cells fail to differentiate in vitro into red blood cells
(Gregory et al., 1999). Regulation of Bcl-X by the EpoResis is established in the fetal liver (embryonic days 12
to 16). The fetal-liver stage of erythropoiesis is marked is therefore a principal component of its signaling during
terminal differentiation.by a rapid increase in fetal hematocrit in the rapidly
growing fetus (Russell and Bernstein, 1966); the rate Bcl-X transcription, regulated by multiple factors in
multiple tissues, is likely to be complex. A relatively smallof fetal erythropoiesis is several-fold higher than the
steady-state erythropoietic rate in the adult (Moritz et change in Bcl-XL expression may be of significance, as it
may perturb the balance between pro- and antiapoptotical., 1997; Palis and Segel, 1998). At this developmental
stage we observed that Stat5a2/25b2/2 embryos were Bcl2 proteins, tipping a cell into apoptosis. The Bcl-X
gene contains several tissue-specific transcription startpale and had a severely reduced hematocrit compared
with wild-type littermates. In vitro differentiation of fetal sites and multiple consensus binding sites for both ubiq-
uitous and tissue-specific transcription factors (Grillotliver cells showed that Stat5a2/25b2/2 fetal livers con-
tained normal numbers of early BFU-e progenitors but et al., 1997). Here we identified two consensus Stat5-
binding sites in the first Bcl-X intron, several hundredlow levels of later CFU-e-derived red cell colonies. This
defect in growth of Stat5a2/25b2/2 erythroid progenitors bases upstream of the translation start site. This ar-
rangement parallels that found in other Stat5-regulatedexplains the low fetal hematocrit.
Epo is crucial for CFU-e survival (Koury and Bondur- genes (Groner and Gouilleux, 1995; Matsumoto et al.,
1997). These sites bind Stat5 directly, and in the contextant, 1990; Kelly et al., 1993), but has no effect on their
cell cycle status (Landschulz et al., 1992; Kelly et al., of a 500 base pair regulatory element from the Bcl-X
gene are both sufficient and necessary for the Epo-1994). We found that even very low Epo concentrations
efficiently decreased apoptosis in wild-type progenitors. dependent transcription of a luciferase reporter. It is not
yet known whether other regions of the Bcl-X gene mayIn contrast, Stat5a2/25b2/2 progenitors had a blunted
response to Epo and markedly higher rates of apoptosis participate in the Epo-dependent induction of Bcl-X.
The same Bcl-X regulatory element contains potentialat all Epo concentrations. Therefore, Stat5a2/25b2/2 pro-
genitors have a deficit in transmitting an EpoR-mediated binding sites for the EpoR-regulated transcription fac-
tors GATA-1 and AP-1 (Grillot et al., 1997). Both maysurvival signal that cannot be compensated for by higher
Epo concentrations, suggesting an essential role for regulate apoptosis (Jacob-Helber et al., 1998; Gregory
et al., 1999) but have not been shown to influence Bcl-XStat5 in signaling EpoR-mediated antiapoptosis.
Surviving adult Stat5a2/25b2/2 mice were reported to transcription directly. GATA-1 and AP-1 activation are
delayed effects of Epo signaling requiring protein syn-have normal hematocrit (Teglund et al., 1998). Given
the fetal anemia, compensatory mechanisms may allow thesis; therefore, although they may participate in the
maintenance of Bcl-XL mRNA, they cannot account foradult Stat5a2/25b2/2 mice to overcome the deficit in their
erythroid progenitors. The extramedullary expansion of the immediate-early induction of Bcl-XL by Epo.
Many growth factor receptors exert antiapoptotic ef-erythroid tissue noted in adult Stat5a2/25b2/2 mice (Mor-
iggl et al., 1999) may represent such a mechanism. Sig- fects by inducing expression of Bcl2 family genes; the
pathways involved are largely unknown (Kozopas et al.,nificantly, adult Stat5a2/25b2/2 bone marrow contains
twice the normal number of BFU-e progenitors but nor- 1993; Lin et al., 1993; Miyazaki et al., 1995). The direct
induction of Bcl-XL by Stat5 provides a molecular mech-mal numbers of CFU-e progenitors (Teglund et al., 1998),
demonstrating a low CFU-e to BFU-e ratio similar to anism for its regulation by EpoR, and a direct mechanism
for growth factor±mediated transcription of Bcl2 familythat found here in Stat5a2/25b2/2 fetal progenitors. This
suggests that the intrinsic growth deficit of fetal progeni- genes.
Stat proteins are constitutively activated in severaltors persists in the adult. Similar compensatory expan-
sion of the BFU-e pool is seen in some chronic anemias transformed cell models (Carlesso et al., 1996; Catlett-
Falcone et al., 1999). A constitutively active Stat5 might(Croizat et al., 1990). Other compensatory mechanisms
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cultured for 24 hr in Iscove's modified Dulbecco's medium (IMDM;contribute to oncogenic transformation through un-
GIBCO-BRL, Grand Island, NY) with 20% fetal calf serum (FCS),checked upregulation of Bcl-XL and prevention of apo-
b-mercaptoethanol (100 mM), penicillin (100 U/ml), streptomycinptosis.
(100 mg/ml), and in the presence or absence of recombinant human
Epo (Amgen, Thousand Oaks, CA) as indicated; cells were then
Recruitment of Erythropoietic Capacity Requires harvested for TUNEL assay. Embryos were genotyped by PCR on
genomic DNA with the following primers: 59-AAGGGACAGGAAGAGSignals that May Appear Redundant
AGAAGG-39, 59-CCCATACAACACTTGCATCT-39, and 59-GCAAAACunder Steady-State Conditions
CACACTGCTCGAC-39 to amplify wild-type and/or mutant Stat5aIn adults the erythropoietic system operates within a
alleles; 59-GGAGATCTGCTGGCTGAAAG-39, 59-TCAAACACACCTCremarkably wide dynamic spectrum: in response to
AATTAGTCC-39 and 59-GCAAAACCACACTGCTCGAC-39 to amplify
stress, such as hemorrhage or anemia, the rate of red wild-type and/or mutant Stat5b alleles.
blood cell production can be upregulated up to 10-fold
(Erslev, 1995). Erythropoietic reserve capacity is re-
Hematocrit and Red Cell Indicescruited as a result of a drop in tissue oxygen tension
Hematocrit and red cell indices were determined on 2 ml of blood
through an increase in circulating Epo concentration. In obtained using microhematocrit tubes (Microcaps, Drummond Sci-
this way, the hematocrit is tightly regulated during the entific). The size and cytoplasmic content of circulating erythroid
cells was assessed with the Bayer H*3 flow cytometer (Bayer Diag-steady state and there is a brisk erythropoietic response
nostics, Tarrytown, NY) using the reticulocyte channel (Brugnara etto life-threatening loss of blood. In contrast to the adult,
al., 1994). With this method, the mean cell size of the circulatingwhere maintenance of the steady-state hematocrit de-
erythroid cells is measured in arbitrary fL units and the mean cellpends on only 10% to 15% of the total erythropoietic
cytoplasmic content is measured in arbitrary pg units/cell. The val-
capacity, the developing mouse embryo apparently has ues provided in the text are for the entire pool of circulating erythroid
little erythropoietic ªreserve capacity;º the high erythro- cells and do not distinguish between mature red cells, reticulocytes,
or nucleated red cells.poietic rate is driven by fetal hypoxia and is equivalent
to hypoxic stress in the adult (Moritz et al., 1997; Palis
and Segel, 1998). Under these circumstances, Stat5 HCD-57 Cells
proves to be crucial. This model predicts that the HCD-57 cells were maintained in recombinant human Epo (2 U/ml).
Stable HCD-57 cells conditionally expressing DStat5: HCD-57 cellsStat5a2/25b2/2 adult mouse will be deficient in its re-
were electroporated with the tTA expression plasmid pUHD15-1sponse to hypoxic stress.
(Gossen and Bujard, 1992) to generate HCD-57/15CC1 cells; theseHow Epo regulates erythropoietic rate is not well un-
were electroporated with pUHD10-3-hygro-DStat5 (provided by Dr.
derstood. The regulation of cell survival may constitute A. Mui). HCD-57-DStat5 cell clones were screened for induction of
one such mechanism, since the fraction of CFU-e pro- DStat5 by EMSA. Cells were maintained in doxycycline (2 ng/ml);
genitors rescued from apoptosis depends on Epo con- 24 hr prior to experiments cells were washed and split into parallel
flasks either in the presence or absence of doxycycline. Stable HCD-centration (Kelly et al., 1993). The graded response of
57 transfectants: HCD-57 cells were electroporated with MSCV.Bcl-CFU-e progenitors to Epo is not due to differences in
XL.puro, pMX.Stat5a.puro, or pMX.Stat5a(1*6).puro (provided by Dr.EpoR expression or affinity (Kelly et al., 1993). One possi-
T. Kitamura) and selected in puromycin (1.5 mg/ml). Puromycin-
bility is that progenitors vary in the level of antiapoptotic resistant HCD/Stat5a or HCD/Stat5a(1*6) populations were used
signaling they require; a number of distinct antiapoptotic without further selection. HCD-57/Bcl-XL cell clones were screened
pathways may interact additively or synergistically to for maximal expression of Bcl-XL by Western blotting.
rescue maximal numbers of progenitors when Epo con-
centrations are high, as in extreme hypoxic stress. Support Northern Blotting
for this model comes from the finding that transgenic Membranes were probed sequentially with 32P-dCTP-labeled cDNAs
expression of Bcl2 in erythroid progenitors increases for Bcl-XL (provided by Drs. L. Boise and G. Thompson), GAPDH
and cyclin D2, a PstI fragment of c-myc cDNA (provided by Dr.their sensitivity to Epo (Lacronique et al., 1997), and
R. A. Weinberg), or a 39 region of CIS riboprobe (provided by Dr. A.from our findings here that Stat5a2/25b2/2 progenitors
Yoshimura). Signal was quantitated by phosphoimaging and ex-are less sensitive to Epo. The apparently large redun-
pressed as a ratio to the GAPDH signal.
dancy in EpoR signaling seen in in vitro cell culture
(Socolovsky et al., 1997; Wu et al., 1997) may, in fact,
EMSArepresent the molecular mechanism through which
Nuclear extracts (15 mg per reaction) prepared as described (Kling-erythropoietic reserve capacity is recruited in vivo; sig-
muller et al., 1996) were incubated with 3 3 104 cpm of 32P-labeled
nals that, like Stat5, appear redundant during steady- oligonucleotide probe for 20 min at room temperature. Where indi-
state conditions may be essential during stress. cated nuclear extracts were preincubated for 30 min at 48C with a
Significantly, several other hematopoietic lineages 100-fold molar excess of unlabeled oligonucleotide or with 1 mg of
rabbit polyclonal anti-Stat5b antibody (C-17, Santa Cruz). Com-show quantitative deficits in the Stat5a2/25b2/2 mouse
plexes were separated on 5% nondenaturing polyacrylamide gels.(Teglund et al., 1998). Like the erythropoietic system,
these lineages must respond to stress with an acute
increase in cell numbers. Therefore, the Stat5±Bcl-XL Luciferase Assays
The TATA box sequence 59-AGGGTATATAAT-39 was inserted in thepathway may be activated by other hematopoietic cyto-
BglII-HindIII sites of pGL3-basic (Promega) to make pGL3.TATA.kine receptors, contributing to the homeostatic regula-
Lysate luciferase and b-galactosidase activities were measured intion of other hematopoietic lineages.
parallel. The Bcl-X genomic construct was provided by Dr. G.
Thompson.
Experimental Procedures
Stat5a2/25b2/2 Mice Bicistronic Constructs
An IRES-GFP sequence was added between the two LTRs of MSCV.Mice were generously provided by Dr. J. Ihle. Embryos (E13.5) were
bled from the carotid arteries. Fetal livers were processed for colony Stat5Nsi (provided by Dr. C. Schindler) or other cDNAs (Figure 3A)
were inserted upstream of the IRES.assays as described (Socolovsky et al., 1997), for TUNEL assay, or
Cell
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Fetal Liver Cell Infections anemia: DNA synthesis and burst-promoting activity production is
related to peripheral hemoglobin F levels. Blood 75, 1006±1010.VE23 cells (Socolovsky et al., 1997) transfected with bicistronic ret-
roviral constructs were cocultured for 24 hr with E13.5 Balb/c mouse Erslev, A.J. (1995). Clinical manifestations and classification of eryth-
fetal liver cells in the presence of polybrene (4 mg/ml) and growth rocyte disorders. In Williams Hematology, E. Beutler, M.A. Lichtman,
factors (100 ng/ml rat SCF, 100 ng/ml IGF-I, and 2% spleen condi- B.S. Coller, and T.J. Kipps, eds. (New York: McGraw-Hill, Inc.), pp.
tioned medium). Fetal liver cells were transferred to Epo-containing 441±447.
medium (5 U/ml) for 36 hr. Retroviral supernatants were titred in NIH- Feldman, G.M., Rosenthal, L.A., Liu, X., Hayes, M.P., Wynshaw-
3T3-L1 cells (Figure 5C). Relative titer was obtained by comparing Boris, A., Leonard, W.J., Hennighausen, L., and Finbloom, D.S.
infection rates in the linear portion of each plot (1:25 dilution). Titer (1997). STAT5a-deficient mice demonstrate a defect in granulocyte-
in NIH-3T3-L1 cells was linearly related to titer in fetal liver cells. macrophage colony-stimulating factor-induced proliferation and
gene expression. Blood 90, 1768±1776.
Growth and Apoptosis of Fetal Liver Cells Fujio, Y., Kunisada, K., Hirota, H., Yamauchi-Takihara, K., and Kishi-
Expressing Bicistronic Constructs moto, T. (1997). Signals through gp130 upregulate bcl-x gene ex-
Viable (7-AAD negative) nucleated fetal liver cells were analysed on pression via STAT1-binding cis-element in cardiac myocytes. J. Clin.
a Becton-Dickinson Cell Scanner for GFP and annexin-V binding Invest. 99, 2898±2905.
(Pharmingen, San Diego, CA). The number of cells expressing GFP
Gossen, M., and Bujard, H. (1992). Tight control of gene expression
was calculated by multiplying the number of viable cells by the
in mammalian cells by tetracycline-responsive promoters. Proc.
fraction positive for GFP. In each experiment, the number of GFP-
Natl. Acad. Sci. USA 89, 5547±5551.
positive cells for each construct (Stat5Nsi-GFP, DStat5-GFP, Stat5a-
Gregoli, P.A., and Bondurant, M.C. (1997). The roles of bcl-X andGFP, or CD2-GFP) was expressed relative to the number of cells
apopain in the control of erythropoiesis by erythropoietin. Blood 90,expressing CD2-GFP, after normalizing for retroviral titer.
630±640.
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